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In this paper, we report the spectral patterns of normal human thyroid tissue and methodology to interpret
hyperspectral imaging data and protein conformational changes observed therein. Raw image datasets
were imported into software written in-house in the MATLAB environment and processed to yield

pseudo-color images of the tissue sections. All spectra were vector normalized, noise-filtered, and

corrected for water-vapour contributions and scattering effects before being subjected to Hierarchical
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Cluster Analysis (HCA) and correlated with histological structures obtained from images of H&E-stained

parallel tissue sections. We successfully identified a protein structural heterogeneity that can be

DOI: 10.1039/c3an00296a

www.rsc.org/analyst follicular cells.

Introduction

The thyroid gland is one of the most important glands of the
endocrine system and secretes mainly two hormones (triiodo-
thyronine and thyroxine) that are required for many physio-
logical processes such as homeostasis, normal growth and
energy production.! Because of this, the thyroid gland is
very sensitive and in a constant state of adaptation. For
example, during pregnancy, lactation, puberty and similar
states of psychological stress, the gland becomes larger and
more active; also, the follicle cells become larger and
more columnar. When the stress subsides, involution of the
gland occurs, and the follicular cells regain their normal
shape.*?

Anatomically, the thyroid gland consists of a thin layer of
epithelial cells (follicular cells) that produce the precursor of
the thyroid hormones, thyroglobulin, which is stored in
structures known as colloids until they are needed by the
body.* Thyroglobulin is a glycoprotein and, aside from
being the precursor of the hormones, its main function is to
store the iodine, and T3 (triiodothyronine) and T4 (thyroxine)
hormones.>® The synthesis of thyroglobulin is a very
complex process and can be divided into 4 steps: protein
synthesis, glycosylation, iodination and conjugation. The first
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correlated with the spatially resolved amount of iodine in the thyroglobulin structure of colloids and

two steps occur inside the follicular cells while the last two
occur in the colloid.

Numerous studies’”'® have shown that spectral histopa-
thology (SHP),”'**> the combination of infrared spectral
imaging, multivariate analysis and information from classical
pathology, can detect, diagnose and analyze diseases based on
the observation of compositional changes occurring in small
tissues that accompany disease.’® SHP represents a different
approach to the analysis of tissue and cells than classical
histopathology that uses visible light and the human eye to
detect morphological changes in the tissue. In the present
paper, SHP is used to monitor complex biochemical processes
in healthy thyroid tissue, rather than detecting or diagnosing
disease.

There are several studies'* ™ using FTIR to classify and bio-
chemically characterize thyroid tissue. However, these studies
were focused primarily on the biochemical differences among
normal and abnormal stages of disease. These studies were also
not performed using micro-FTIR techniques and hence the
accurate biochemical characterization of each thyroid specific
cell type was not performed. The complete biochemical char-
acterization of these thyroid tissue types is of great importance
since it can reveal a clearer picture of aberrant sequences in
early stage thyroid disease that cannot presently be observed by
classical histopathology.

Healthy thyroid tissue is an ideal system to explore the bio-
structural capabilities of SHP. The biochemical processing
steps from thyroglobulin to its iodinated state can be detected
by SHP and interpreted in terms of known biochemical steps.
This report presents a detailed insight into the structural
sensitivity of SHP toward subtle conformational changes that
occur within the colloids of normal thyroid tissue.
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The complex hormonal action can be disrupted if the gland
itself is injured or affected by diseases such as neoplasia.>” As a
consequence the equilibrium inside the thyroid follicle is altered.
The gland can produce high amounts of hormone (hyperthy-
roidism) or low amounts of hormone (hypothyroidism). These
abnormal aberrations in hormone production can lead to several
serious health problems. Therefore, it is important to develop
new methods to characterize the thyroid follicle in order to
evaluate the normal and abnormal physiological process.

Fine needle aspiration (FNA) is one of the most common
procedures for diagnosis of thyroid disorders. However, this
method presents a high rate of false-negative diagnoses (up to
37%)* and the differentiation among the common thyroid
diseases is quite difficult. The low specificity of thyroid FNA can
be inadequate positioning of the needle relative to the lesion,
which is guided by palpation, or due to the fact that the aspirate
may contain no diseased cells or insufficient amount of them,
which does not allow a precise diagnosis. Nevertheless, any
residual material of the FNA, such as colloids, contains valuable
biochemical information of the thyroid condition®® that can be
analyzed by SHP and give more biochemical information for
better diagnosis.

Thus, the characterization of normal thyroid tissue by micro-
FTIR is important since it can report biochemical changes in
follicular cells and follicle colloids that may occur before
current histological and cytological methods can observe them.
The report presented here concentrates on normal thyroid
tissue and its biochemical composition.

Materials and methods
Sample preparation

The thyroid tissue microarray (TMA, BiomaxUS, TH804) used in
this study contained 80 different patient tissue cores that
measure ca. 1.5 mm in diameter. The paraffin-embedded tissue
sections were microtomed at 5 um thickness and mounted on
slides by the supplier according to our request as described
below. One section of each sample was mounted on a glass
microscope slide and hematoxylin and eosin (H&E) stained.
Two sequential sections were mounted on infrared reflective
substrates (Kevley Technologies, Chesterland, OH).

The first H&E stained section was used to localize the
anatomical features, and to correlate HCA images that were
constructed via FTIR analysis on the second unstained and de-
paraffinized section. The tissue section on the infrared reflec-
tive slide was de-paraffinized and dried before data acquisition.
Although only imaging results from one tissue core are reported
(Fig. 1), the spectral patterns to be discussed were observed for
all normal thyroid tissue cores in the TMA.

Data acquisition

Infrared spectral hypercubes were acquired in transflection
mode using an FTIR imaging system (Spectrum 1/Spotlight 400,
Perkin Elmer, Shelton, CT) that incorporates a 16 element focal
plane array (FPA) detector system. The size of each HgCdTe
detector element is 25 pm x 25 pum, and the detector is cooled
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by liquid nitrogen. Infrared maps were acquired with an image
magnification of 4; thus the pixel size covered by each detector
was 6.25 pm X 6.25 pm. The images are collected by moving the
sample through the focal point of the infrared microscope.

Infrared micro-spectral images were recorded in trans-
flection (transmission/reflection) mode with a pixel size of
6.25 um x 6.25 um, a spectral resolution of 4 cm™* and the co-
addition of 2 interferograms before Norton-Beer apodization
and Fourier transformation. An appropriate background spec-
trum was collected outside the sample area by the co-addition of
120 interferograms.

The entire instrument and microscope were purged with dry
air to keep the relative humidity constant and below 5% to
eliminate water vapor contributions to the FTIR spectra.

Data processing and analysis

After elimination of spectra collected from areas where no
tissue exists or displays excess noise, the hyperspectral imaging
data sets were composed of ca. 13 000 spectra, each containing
1625 spectral intensity values between 750 and 4000 cm ™', The
datasets were imported into software written in-house in the
MATLAB environment. Data pre-processing included the
restriction of the wavenumber range between 778 and
1800 cm ™", imposition of selection criteria to avoid pixels not
covered by tissue and/or those that displayed excessively strong
scattering effects (Amide I peak position <1620 cm ™). All
spectra were vector normalized and converted to second deriv-
atives using a Savitzky-Golay smoothing filter (11-point), vector
normalised and phase corrected.*

Spectral datasets were subsequently converted to pseudo-
color images using hierarchical cluster analysis (HCA), which
clusters patterns in a dataset based on their spectral similarity.
For this purpose the Euclidean distance was used to define the
spectral similarity and Ward's algorithm was used for clus-
tering. This process creates pseudo-color images that repro-
duce stained images very well. Further analysis of spectral
data, pre-sorted by HCA, is used to discuss the biochemical
characteristics of anatomical structures of normal thyroid
tissue.

Hormone measurement

The FTIR spectra of triiodothyronine (T3) and thyroxine (T4)
were acquired microscopically in order to identify the contri-
bution of the thyroid hormones to the FTIR spectra in the
colloids of normal thyroid patients. The hormones were
obtained commercially from Sigma-Aldrich, and were dissolved
in distilled water. A drop of solution was spotted onto low-e
microscope slides and dried for 24 hours before measurement.

The FTIR measurements were collected in transflection
mode using an FTIR imaging system (Spectrum 1/Spotlight 400,
Perkin Elmer, Shelton, CT) using the 100 pm diameter single
element HgCdTe detector. The spectrum from each hormone
was acquired using a 4 cm ™" spectral resolution, the co-addition
of 1024 interferograms, an aperture of 100 um x 100 pm, and

between 700 cm ' and 4000 cm ™ *.
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Fig. 1 Second derivative of FTIR spectra of hormones triiodothyronine (T3), thyroxine (T4), diiodotyrosine? (1468 cm™"), tyrosine? and thyroid tissue.

Results and discussion
Hormones and their precursors

Fig. 1 shows the FTIR spectra of the hormones triiodothyronine
(T3), thyroxine (T4), diiodotyrosine and healthy thyroid tissue in
the second derivative format.

Fig. 1 shows the 2nd derivative FTIR spectra of the pure
thyroid hormones T3 and T4. These spectra exhibit strong peaks
at 916, 1630, 1460 1190, 1476, and 1458 cm™ ' respectively. We
conversely observe a strong peak at 1468 cm ™' for diiodotyr-
osine? (blue trace). A normal thyroid tissue spectrum is shown
for direct comparison (gray trace). While there are several strong
peaks related to thyroid hormones and diiodotyrosine in the
spectral region 900-1800 cm ™', the most prominent correlation
of the hormone and/or its precursors with the thyroid tissue
spectrum is the peak located at 1468 cm ™' and its low wave-
number shoulder at ca. 1460 cm™ .

Fig. 2 shows the triiodothyronine (T3) and thyroxine (T4)
molecules that are formed from two phenol groups.

An investigation®* that utilized density functional theory
calculations for thyroid hormones concluded that the spectral
band located at 1458 em™ " can be directly correlated with an
aromatic ring vibration when one iodine atom is attached to the
B phenol ring, and is only observed in the T3 hormone. The
phenol moiety of the T3 molecule is also formed from mono-
iodotyrosine (MIT) and thus this vibration is also related to MIT.

We conclude that the peak at 1468 cm ™' observed in our
results is related to the amount of diiodotyrosine (DIT) and the
shape of this peak is quite similar to that of normal thyroid
tissue. The shoulder (1460 cm™ ") is related to MIT.

DIT and MIT are hormone precursors and are formed in the
colloids when the phenol group' of the tyrosine amino acid
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from the thyroglobulin molecule is iodinated at position 3 and/
or 5 of the aromatic ring. We believe we do not observe any
distinct peaks associated with the thyroid hormone in tissue
spectra since the amount of DIT and MIT is approximately 6
times larger than thyroid hormones in the phenol residual sites
of thyroglobulin.?> We found the peak at 1468 em ' and a
shoulder at 1460 cm™ " in all mean spectra from the normal
thyroid tissue and they never shifted, but showed differences in
their intensity profile.

Fig. 2 Structure of the thyroid hormone triiodothyronine (T3) and thyroxine (T4).

This journal is © The Royal Society of Chemistry 2013
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This peak (1468 cm ') and its low wavenumber shoulder
(1460 cm™") show the amount of iodine linked to the thyro-
globulin molecule. When consulting literature*>* addressing
quantitative iodine measurement in the thyroid, we observed
that the investigation that was performed used elementary
quantitative analysis and thus did not distinguish whether or
not iodine is attached to the thyroglobulin molecule. To the best
of our knowledge, our investigation is the first to report the
semi-quantitative spatially resolved measurement of iodine
content linked to thyroglobulin.

Thyroid tissue

Fig. 3 shows spectral images, constructed via HCA (Panels A and
B), a univariate plot of the intensity at 1468 cm ™" (Panel C) and a
visual image of the parallel stained tissue section (Panel D).

The nine-cluster image in Fig. 3A (cluster image constructed
from the 900-1800 cm ™" spectral range) reveals the follicular
cells as a red colored cluster, and the colloid represented by
green, pink and cyan colored clusters. The chemical composi-
tion in the colloid areas of different colors is quite different, as
will be discussed below. Most likely, the red cluster in Fig. 3A is
not due to follicular cells only, but it seems that pixels of
follicular cells and the innermost layer of the colloid are mixed.
This observation is not attributed to scattering effects that are
often observed for small, cellular structures, since the cells are
embedded in the glycoproteins of the colloid, and thus are not
exposed to large changes in refractive index that can give rise to
these confounding effects. Rather, we believe that the width of
the red areas reflects the similarity between the glycoprotein
produced by the follicular cells and that stored in the innermost
layers in the colloid.

As was found in earlier work on lymph node SHP," when
selecting a specific spectral region without amide contribution,
biochemical differences can be emphasized for three reasons.

View Article Online

First, the spectra were corrected for dispersive line shapes by a
phase correction algorithm that has been demonstrated to
remove scattering effects satisfactorily.*® Second, the observed
heterogeneity of the protein spectra is enormous (see Fig. 4);
thus, by cutting the spectral range to exclude most of the
protein heterogeneity, only small differences between spectra of
pure follicular cells are observed and thus the colloid directly
surrounding them can be emphasized. Third, the follicular cells
are embedded in the colloid and therefore, their refractive index
is matched with their surroundings. Nevertheless, the follicular
cells are best resolved in the 900-1358 cm ' range but their
position is not markedly different from that indicated by the
entire spectral range.

Panel B of Fig. 3 depicts a nine-cluster image constructed
from the 900-1350 cm ™' spectral range. This image shows a
better definition of areas of follicular cells (in red), and also of
the onion shell-like structure of some colloids. The colloid
marked by the white arrow in Fig. 3B, for example, shows
different layers in the visible as well as in the HCA images, but
these differences are better defined in Panel 3B. This colloid,
for example, is made up of 3 clusters while others are
composed of one cluster only. At this point, we can interpret
the different colloid spectral properties (see below), but do not
have any explanation about the biological meaning of these
differences.

Fig. 3C shows an intensity image constructed using the
spectral band located at 1468 cm ', since this peak can be
directly associated with iodine in the thyroglobulin structure.
Lighter grey areas of colloids represent lower content of iodin-
ated thyroglobulin. Using this image we can further observe
that the amount of iodine has a strong relationship with colloid
clusters (grey, dark green and cyan). To the best of our knowl-
edge, this is the first report in the literature that shows a
microscopic image of the iodine content linked to thyroglob-
ulin. This result is important since in many thyroid disorders,

Fig. 3 Panel A: 9-cluster spectral image, constructed via HCA from the 900-1800 cm™' spectral range. (B) 9-Cluster image constructed from the 900-1350 cm

1

spectral range. (C) Univariate display of the intensity at 1468 cm ™" (darker gray corresponds to higher intensity). (D) Visual image of the parallel H&E-stained tissue core.

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Mean 2" derivative spectra from colloid regions, obtained from the 6-clustered spectral image (upper right) which was constructed via HCA from the
900-1350 cm™~ " spectral range. Colors in the second derivative spectra correspond to the same color of the cluster at the upper right figure.

such as goiter, the amount of iodine plays a key role in the early
development of these diseases.

We also observed very large protein heterogeneity in the
colloids of the thyroid that came as quite a surprise at first, and
requires a more detailed understanding of the biochemical

processes and protein structural changes within the colloid.
Furthermore, thyroid disorders such as goiter and papillary
carcinoma occur in follicular cells, but also influence the
properties of the thyroglobulin proteins. A detailed under-
standing of the protein spectral changes can shed light on the

j1610 em!
1

Intensity

cular cells
colloids

|

O o

1800 170 600 1500 1400

Wavenumber cm”

1300 1200 1100 1000 900
1

Fig.5 Comparison of mean 2" derivative spectra of follicular cells (red line, corresponding to the red cluster in Fig. 3B) and adjacent colloid (green line, corresponding

to the dark green, grey and cyan colloid clusters of Fig. 3B).
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physiological process inside the follicular cells because
synthesis and glycosylation of thyroglobulin occur inside these
cells.

Fig. 4 shows the derivative mean cluster spectra of the
colloid regions. The biggest differences between these spectra
are found in the amide I region. The grey and dark blue (pink,
dark green and white clusters in Fig. 3B) traces are mostly due to
a-helical proteins, while the cyan trace (grey and cyan clusters in
Fig. 3B) in Fig. 4 exhibits typical B-sheet structure markers at
1694 cm ™" and 1628 cm ™. These spectral patterns suggest that
the colloid proteins have two different conformations: a-helix
and B-sheet.

Inspection of the spectral traces in Fig. 4 reveals that spectral
differences in the amide I region present direct relationship
with the peak at 1468 cm ™. This fact is evidence for the iod-
ization process, and possibly the linkage of the second aromatic
ring to the B-tyrosine residue.

It has been shown?” that the thyroglobulin from humans has
two distinct conformations: one is highly structured (high
alpha-helix content), which contains the hormonogenic (iodine
content) sites, while the other is less structured.

Thyroglobulin, which has tyrosine-rich proteins, is produced
by follicular cells and is stored in the colloid. In the colloid,
both positions one and/or two that are adjacent to the OH
functional group in tyrosine are iodinated and form mono-
iodotyrosine (MIT) and diiodotyrosine (DIT) respectively.
Subsequently, another iodinated tyrosine is linked to form
triiodothyronine (MIT and DIT) or thyroxine (DIT and DIT).!
Thus, the iodinated thyroglobulin re-enters the follicular cells
where the hormones T3 and T4 are split from the protein
backbone.

We conclude that the cyan cluster in Fig. 3B is due to the
non-iodinated form of thyroglobulin shown in lighter gray in
Panel 3C, which has a B-sheet conformation, while the grey and
blue clusters in Fig. 3B are due to areas of high amounts of
iodine, namely the iodinated form of thyroglobulin that has an
a-helical conformation. The spectral signatures of the other
thyroid hormone, triiodothyronine T3 are not as evident in the
spectra of the colloid, and we conclude that its concentration is
less than that of T4.

We do observe small intensity differences and peak shifts in
the amide III region (1200-1400 cm ™~ "). This region is known to
be sensitive to protein conformation as well, and particularly
sensitive to the side chains and glycosylation®® of the peptide
backbone. However, since the changes in amide III patterns are
concomitant with those in the amide I region, we cannot
conclude whether there are any changes in thyroglobulin
glycosylation in the colloids of normal patients.

Finally, we compare in Fig. 5 the spectra of follicular cells
with those of colloid regions in direct contact with these cells.
The follicular cells (blue trace, Fig. 5) display spectra quite
similar to those of other glandular cells, although they exhibit
slightly more prominent B-sheet signatures (1692 cm™*). The
collection of these spectra is quite difficult since these cells
occur in a monolayer of cells ca. 10 um thick.

The green trace in Fig. 5 shows the mean spectra from all
colloid regions in the dataset. When compared to the mean

an
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follicular cell spectrum they appear quite similar, including the
shape of the amide I band. Therefore, the mean spectrum from
follicular cells is heavily dominated by the contribution of
thyroglobulin. In the spectra of the follicular cells, a shoulder at
1610 cm ™" is observed that is associated with the amino acid
tyrosine.”® The amount of tyrosine in the follicular cells is high
because the transcription of thyroglobulin requires a high
amount of this amino acid.*

Conclusions

In this report, we present the spectral characterization of
normal thyroid tissue as well as the FTIR spectra of thyroid
hormones. The data processing methods applied in this paper
enabled the acquisition and subsequent analysis of small
follicular cells of thyroid tissue. This methodology will be
applied in future studies in abnormal thyroid tissue. We show
that SHP can be used to identify the amount of iodinated
thyroglobulin present within the thyroid tissue.
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